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Abstract
Stringent bounds on baryon and lepton number violating interactions have been
derived from the requirement that such interactions, together with electroweak
instantons, do not destroy a cosmological baryon asymmetry produced at an ex-
tremely high temperature in the big bang. While these bounds apply in specific
models, we find that they are generically evaded. In particular, the only require-
ment for a theory to avoid these bounds is that it contain charged particles which,
during a certain cosmological epoch, carry a non-zero hypercharge asymmetry. Hy-
percharge neutrality of the universe then dictates that the remaining particles must
carry a compensating hypercharge density, which is necessarily shared amongst
them so as to give a baryon asymmetry. Hence the generation of a hypercharge
density in a sector of the theory forces the universe to have a baryon asymmetry.
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1 Introduction
Various authors [1, 2] have placed cosmological bounds on the size of baryon and lep-
ton number violating interactions in theories where baryogenesis occurs before the elec-
troweak phase transition. The baryon asymmetry of the universe is threatened by a com-
bination of these interactions and a large electroweak instanton rate [3, 4]. Electroweak
instanton interactions are expected to be in equilibrium for temperatures above Tmin, ap-
proximately the weak breaking scale, up to some very high temperature Tmax ≃ 10
12GeV .
Such reactions create SU(2)L transforming fermions out of the vacuum [3]. Lepton and
baryon violating interactions such as R-parity breaking terms in supersymmetry [5] or
Majorana neutrino masses, when in equilibrium simultaneously with instanton reactions
can break all linear combinations of conserved quantum numbers which involve baryon
number. Naively, one is led to believe that the baryon asymmetry of the universe is
therefore washed away. In this paper we examine the general circumstances in which this
outcome is avoided. We find that in many models there will be additional symmetries
and, even though these symmetries apparently have nothing to do with baryon number,
they automatically lead to a protection of it.
It is well known that a symmetry which involves baryon number itself, such as B−3Li,
can preserve the baryon asymmetry [2]. Approximate symmetries involving B have been
found in the minimal supersymmetric standard model which can be used to help prevent
erasure of the baryon asymmetry [6]. We have found that the protection of the baryon
asymmetry is extremely common and is a typical feature of theories with extra sym-
metries, even when those symmetries do not transform quarks. We illustrate this by a
very simple example: assume that there exists a particle, X , which carries hypercharge
but not SU(2) or SU(3) gauge interactions3. Assume that reactions occurring at tem-
peratures well above Tmin generate an asymmetry in the X species, and that at lower
temperatures the reactions which change X number are sufficiently weak that this X
asymmetry persists. A crucial role is played by the requirement that the early universe
is hypercharge neutral. Because X particles carry hypercharge, the asymmetry in their
number contributes to the hypercharge density of the universe. The remaining particles
in the theory must carry an opposite hypercharge density to cancel this. Chemical equi-
librium equations specify how this hypercharge density is shared. A baryon asymmetry
can develop either through added B violating interactions or once the weak instanton
becomes effective. In general any X asymmetry together with chemical equilibrium re-
quires a baryon asymmetry4. This illustrates just how easy it is to preserve the baryon
asymmetry and, to our way of thinking, puts the issue of direct detection of baryon and
lepton number violation back where it belongs: with the experimentalists.
3Cline, Kainulainen, and Olive have recently employed the right handed electron as the X particle
[7]. However, in this case non-zero Yukawa interactions limit the temperature range over which the right
handed electron can maintain a hypercharge asymmetry.
4Implicit in this discussion is the assumption that the universe is homogeneous.
1
2 General condition for survival of a baryon asym-
metry.
In this section we discuss, in a very general way, the conditions under which an extra
U(1) symmetry preserves the cosmological baryon asymmetry.
In thermodynamic equilibrium the number density of particle species i is determined
by its chemical potential, µi. If a given reaction, say p1 + p2 ⇀↽ p3 + p4, is in equilibrium
then µ1+µ2 = µ3+µ4. It is straightforward, yet tedious, to solve all chemical equilibrium
equations. One can simplify the process by noticing that these equations are the same
equations one would write down to determine the U(1) symmetries of the equilibrium
theory. One need only replace µi with qi, the charge of particle i. Solving for qi determines
the possible assignments of U(1) charge to each particle so that all equilibrium reactions
conserve that charge. In general such U(1) symmetries need not be exact symmetries
of the Lagrangian. They are symmetries of those interactions in thermal equilibrium at
temperature T, and we refer to them as effective U(1) symmetries at this temperature.
Thus, a solution to the chemical equilibrium equations corresponds to an assignment
of effective U(1) charges to each particle, and the possible effective U(1)s in a given
theory are usually easy to identify. Suppose that at a certain temperature there are N
such effective U(1)s: U(1)A, A = 1, ...N , then the most general solution is
µi =
∑
A
CAqAi (1)
where qAi is the charge of particle i under U(1)A. The constant C
A we refer to as the
asymmetry constant for U(1)A. As soon as some interaction which violates U(1)A comes
into thermal equilibrium, CA rapidly tends to zero: U(1)A is no longer able to support
particle asymmetries.
This general solution is restricted, however. We assume that the universe is homoge-
neous and that no charge asymmetry has developed for the unbroken gauged U(1)s of
the theory5. This forces the charge density for these U(1)s to zero. We can write the
charge density for U(1)A as follows,
QA =
∑
i
qAi ni (2)
where ni is the particle asymmetry density of species i. If particle asymmetry densities
are small then they can be written, for T ≫ mi, as
ni ≃
T 2
6
g˜iµi (3)
where g˜i is the number of internal degrees of freedom of particle i, gi, multiplied by a
factor of two for bosons. (However, see reference [8] for an interesting look at small mass
5This requirement avoids the problems inherent in giving a massless gauge boson a chemical potential.
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effects.) Under these conditions the charge density constraint is a simple linear equation
in the µis. Q
A can be written using ni from (3) and µi from (1):
QA ≃
T 2
6
∑
B
CB
∑
i
g˜iq
B
i q
A
i =
T 2
6
∑
B
CB B ·A (4)
where we define B · A by
B ·A =
∑
i
g˜iq
B
i q
A
i . (5)
Should the diagonal generators of non-Abelian gauge groups, such as T3L, be included
in the list of effective U(1)s? The answer is no, as can be seen easily from the above
equations. Call such a generator α, then neutrality of the universe with respect to this
charge requires ∑
A
CAA · α = 0 (6)
where
A · α =
∑
i
g˜iq
A
i q
α
i . (7)
When A refers to a U(1) generator (not embedded in a non-Abelian gauge group) then
A ·α = 0. This is because the g˜i and q
A
i are the same for all components of an irreducible
representations of α, and hence the sum in (7) can be written as a sum of zero terms, one
for each irreducible multiplet of α. When A = β is a diagonal generator of a non-Abelian
group the orthogonality property of the generators within each multiplet ensures that∑
i q
α
i q
β
i vanishes for β 6= α. Hence the sum in (6) just has one term: C
αα · α = 0. Since
α ·α 6= 0, we have proved that Cα = 0 follows from Qα = 0. This implies that such U(1)s
need not be included in the list of effective U(1)s.
Now let’s apply this formalism. We are interested in the situation in which addi-
tional particles and interactions have been added to the standard model such that at
temperatures T , Tc < T < Tmax, where Tc is the weak breaking temperature, there are
just two effective U(1)s: Y and X , where Y = 2(Q − T3) denotes hypercharge and X
is an ungauged effective symmetry. The charge neutrality condition (6) when applied to
hypercharge gives
CY = −
X · Y
Y
2 C
X . (8)
Using (8) in equation (4) the asymmetry in baryon number is just
nB ≃
T 2
6
CX
(
X −
X · Y
Y
2 Y
)
· B. (9)
where we have rewritten QB, the baryon density, as nB. This is the general result of this
paper. Any effective U(1)X , whether it contains a piece of baryon number or not, will in
general contribute to nB if C
X 6= 0. The extension of (9) to many extra X symmetries
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is straightforward. Providing such a U(1)X exists, there is no limit to how large the B
and L violating interactions can be.
We will examine the case in which X particles carry no baryon number themselves.
Then
nB ≃
T 2
6
CX
(
−
Y · B
Y
2
)
X · Y . (10)
In the standard model Y ·B/Y
2
= 1
11
. Additional particles will change this, but would
generally give some non-zero value which we call α. Then nB ≃ −
T 2
6
αCX
(
X · Y
)
. Thus
to obtain nB 6= 0 we require that some particles with Xi 6= 0 have Yi 6= 0. Hypercharge
neutrality then forces other particles to have an asymmetry, some of which carry baryon
number, thus providing a baryon asymmetry.
Cline et al. [7] point out that in the standard model right handed electron num-
ber is conserved down to a temperature of about 10 TeV , and thus can insure that
baryon/lepton violating interactions don’t wash away the baryon asymmetry above this
temperature. Thus the standard model already contains X particles in the form of right
handed electrons. In section 3, we discuss another possibility, an X symmetry which
does not transform any standard model particles. In this case (8) can be rewritten in
terms of the hypercharge density carried by the standard model sector, QY (SM), and
by the X sector, QY (X) ≡
∑
i q
Y
i nXi.
QY (SM) = QY (X) (11)
In terms of QY (X) equation (10) becomes
nB ≃ −
1
11
QY (X). (12)
(We have assumed that T < 10TeV so that right handed electrons are in equilibrium.)
Equation (12) doesn’t assume that X number density is small or proportional to its
chemical potential. Thus it is valid even when the temperature drops below the mass
of certain X particles. When this happens the heavier species carrying X might decay
into lighter ones. Nevertheless, providing the particles with X 6= 0 possess a hypercharge
asymmetry the baryon asymmetry will survive. In particular the X 6= 0 particles must
continue to carry such an asymmetry until a temperature T0, beneath which B and
L violating reactions are sufficiently weak that a symmetry having a baryon number
component has become an effective U(1). The resulting baryon asymmetry after X decay
depends on the specifics of the model. In the least complicated scenario, in which baryon
number is a good symmetry below T0, today’s baryon asymmetry is simply derived form
(12) and entropy considerations.
We note that it is not necessary for our X sector to be neutral under SU(2). Adding
additional SU(2) transforming fermions to the standard model will mean that these
particles also take part in instanton mediated reactions. Nevertheless, in a consistent
theory, instanton reactions will conserve the hypercharge asymmetry carried by the X
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sector of the theory. This is true because instantons neither violate hypercharge in the
standard model sector nor in the theory overall, and thus must conserve hypercharge in
the X-sector.
In this section we have tacitly assumed that some component of baryon number is a
good symmetry below Tc, the weak breaking temperature. If this is not the case, then,
for temperatures T , T0 < T < Tc, the role of hypercharge is played by electric charge. In
this case the X sector must carry an electric charge asymmetry.
An intriguing possibility exists if the lightest X particle is stable and electrically
neutral. If this is the case, the particle is a candidate for the dark matter in the universe
[9, 10]. To realize such a scenario, the X sector would still have to maintain a hypercharge
asymmetry for temperatures above T0. (For convenience, we have assumed T0 ≥ Tc.).
However, at a lower temperature, charged X particles would decay to standard model
particles plus these electrically neutral X particles. If ΩX is the fraction of the critical
density contributed by the electrically neutral X particles then their mass is given by
mX
mproton
≃
〈qX〉
11
102ΩX
where 〈qX〉 is the appropriate average of X-particle hypercharges. Low-background Ge
detector experiments [11, 12] indicate that an electrically neutral dark matter particle
with nonzero hypercharge must have a mass greater than ∼ 1000 GeV . Thus, we can
effectively rule out a dark matter X particle with nonzero hypercharge. One possible
candidate is the neutral component of a new hyperchargeless SU(2) multiplet. Such a
particle is expected to interact via loop diagrams with nuclei and thus its cross section
with Ge is approximately 10−35cm2 or smaller [10], effectively evading relevant exper-
imental limits [11]. Another candidate is a new particle with no gauge interactions
whatsoever [9].
3 A Simple Model.
In this section we illustrate the general ideas discussed above with a very simple model.
We add to the standard model a single fermion X, of mass mX , which is SU(2) neutral
but has three units of electric charge. It is unstable, decaying to three charged leptons
via the effective interaction
1
2
1
M2
∑
ijk
fijk
(
X eiR
) (
(ejR)
TCekR
)
+ h.c.
where eiR is the right handed lepton field of flavor i, X is the X particle field, C is the
charge conjugation matrix, M is a constant with units of energy, and fijk (= fikj) is a
flavor dependent constant of order 1. In addition we let our model include unspecified
lepton and/or baryon violating terms which together with the instanton reaction break
all linear combinations of B and L numbers.
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Both the mass of the X particle, mX , and the constant M are constrained by the
various requirements of our theory. First we must insure that the X asymmetry develops
before all baryon violating interactions fall out of equilibrium. Otherwise the X asym-
metry has no effect on baryon number. Let TX be the temperature at which X violating
reactions drop out of equilibrium. Without specifying the exact scenario, we assume that
anX asymmetry develops at some temperature lower than TX but above the temperature
at which instantons freeze out (See [13] and references therein for numerous methods by
which number asymmetries can develop). In this way the instanton reaction provides the
baryon violation required for our mechanism to work. This is a convenient choice, but
not a necessary one if other baryon violation exists in the theory.
It is interesting to note that the only baryon violation required in this model is
instantons. If an X asymmetry exists or develops during the epoch in which instantons
are in equilibrium then it will necessarily generate a proportional baryon asymmetry.
In our example X particles will eventually decay into standard model particles. Var-
ious constraints must be imposed on this decay. To make things simple we require X
particles to survive past the temperature at which instantons freeze out. We assume that
after this temperature baryon number is a good symmetry. Thus, the only possible effect
on the produced baryon density comes from the change in entropy of the universe upon
X decay.
The standard nucleosynthesis scenario places limits on this decay [13]. If X particles
decay after nucleosynthesis, they must not dump more than a factor of ∼ 15 times the
entropy density present at the time of nucleosynthesis. If they did than the observed
baryon to photon density would be incompatible with standard nucleosynthesis. Also, if
the mass of the X particle is larger than a few MeV , which it must be to avoid strict
limits on the width of the Z boson, then energetic photons from X decay can destroy
too much deuterium. Further, depending on the era of decay, photons from X decay
can destroy the uniformity of the cosmic microwave background radiation or contribute
too much to the diffuse photon background. If X particles decay before nucleosynthesis,
their mass and density prior to decay must be compatible with the known baryon to
photon ratio, η, during nucleosynthesis.
Let us examine our first constraint. The rate for X violating 4-fermion interactions
is given by
ΓX ≃
49f 2π5
12960ζ(3)
T 5
M4
where f 2 is an average of terms like f ∗ijkflmn, and we have dropped terms of order
mX
T
.
The Hubble constant, H , is 17 T
2
Mp
. The 4-fermion interaction drops out of equilibrium
when its rate falls below the Hubble expansion rate6. Calling the temperature at which
this occurs TX , we have
6For convenience, and because we are interested in the order of magnitude of our results, we assume
g∗ ≃ 106 independent of the temperature.
6
M4 ≃
49f 2π5
220320ζ(3)
MpT
3
X . (13)
Although X number changing interactions freeze out at TX , X particles stay in ther-
modynamic equilibrium below this temperature through their gauge interactions. These
gauge interactions freeze out at a much lower temperature given by the standard cold
relic freeze out criteria.
Now we examine the decay of the X particles. The decay rate for these particles is
given by
Γ ≃
f 2
256π3
m5X
M4
where we have ignored terms of order the temperature over mX since they will be seen to
be negligible. The X particles decay when this rate is approximately equal to the Hubble
expansion rate. Calling the temperature at which these rates become equal TD, we have
M4 ≃
f 2
4352π3
m5X
T 2D
Mp. (14)
If significant entropy is generated by X decay then TD is the “reheat” temperature after
decay.
Equations (13) and (14) can be combined to give
m5X ≃ 7.6× 10
3 T 3XT
2
D
In figure 1 we plot the allowed parameter space by considering the constraints dis-
cussed above. (We have assumed TD ≤ Tmin ≃ 10
2GeV and required TX > 10Tmin.)
The diagonal dotted lines in this figure are lines of constant TX and are labeled inGeV .
The allowed region is divided up into three regimes. The first, corresponding to TD >
10−3GeV , covers the case in which X particles decay before the onset of nucleosynthesis.
In this case X density just before decay may be quite large, leading to an early matter
dominated era and a significant increase in entropy density uponX decay. This is because
for large mX , X particle gauge interactions freeze out when there is still a large anti-
X particle density. In this situation, the X number asymmetry is a small fraction of
the symmetric relic freeze out density. A large symmetric relic density leads to large
entropy dumping when X particles decay. Let us call the factor by which entropy is
increased R. Since, in our model, today’s observed baryon asymmetry is proportional
to the X asymmetry divided by R, a large X asymmetry is required when R is large.
We have plotted a dot-dashed line which corresponds to the onset of significant entropy
generation when X particles decay. At this line entropy is increased by 10% upon X
decay. As we rise above this line the amount of entropy generated when the X particles
decay increases. At the top boundary of our allowed region the X asymmetry required
to generate todays observed baryon asymmetry becomes infinite. Above this line there
is no way to generate enough baryon asymmetry.
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In the second regime 10−4GeV < TD < 10
−3GeV , during which nucleosynthesis is
taking place we impose the conservative requirement thatX decay increases the universe’s
entropy by less than 10%. This is shown as a dip in the top boundary of the allowed
region.
The last regime, TD < 10
−4GeV , in which X particles decay after nucleosynthesis, is
bounded on the left by the requirement that decay products don’t destroy too much deu-
terium [14]. The curved line marked with an arrow takes account of this limit (We have
used Lindley’s rough calculation for heavy dark matter particles [14]). This constraint
is more severe than those arising from cosmic microwave background and diffuse photon
background observations. The top limit of this region is determined by entropy dumping
considerations. Since, in this case X particles are still present during nucleosynthesis, we
know that the required X asymmetry is equal to −qX
11
times the baryon asymmetry at the
time of nucleosynthesis. When X particles decay they can increase the entropy and thus
decrease the value of η today relative to its value during nucleosynthesis. We allow at
most a decrease by a factor of 15, and this gives us our top limit. Figure 1 illustrates how
general our mechanism is. The X particle’s mass can range over 12 orders of magnitude,
from 45GeV to 1012 GeV .
4 Conclusion
We have shown that in order to avoid the strict cosmological limits placed on lepton
and baryon number violating interactions it is not necessary to resort to low tempera-
ture baryon generation or to the addition of new symmetries which affect baryons. Any
symmetry which allows one sector of the theory to acquire a net hypercharge density
will suffice. This includes a symmetry under which standard model particles are neutral,
as our example shows. The key observation is that, although this new symmetry seems
decoupled from the rest of the theory, the gauged U(1) symmetries can connect it. Thus
an asymmetry in X particles, because they are charged, is enough to ensure a propor-
tional asymmetry in all charged particles independent of whether their particle number
is conserved or not.
If a scenario similar to the one proposed here was realized in the early universe, than
experimental searches for lepton and baryon violating interactions may prove successful.
Such a success would not only directly signal exciting new L and/or B number violating
physics, but would also indirectly signal the existence of a baryon number protection
mechanism.
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FIGURE CAPTION
Figure 1: The allowed parameter space in our example is shown, bounded by solid lines.
We have assumed TD ≤ Tmin ≃ 10
2GeV and required TX > 10Tmin and mX > 45 GeV .
The diagonal dotted lines are lines of constant TD, and are labeled inGeV . Our parameter
M is also constant on these dotted lines, M = 2.9 × 104
(
TX
GeV
)3/4
GeV . On the dot-
dashed line the entropy of the universe is increased by 10% when X particles decay. In
determining this line as well as the top boundary line we have assumed that X particle
gauge interactions freeze out according to the standard cold relic freeze out criteria [13].
We have made conservative assumptions in determining the relative increase in entropy
upon X decay; allowing the cosmic scale factor to scale as tn where n ranges from 1/2 to
2/3. We have used a value for η at the time of nucleosynthesis equal to
(
11
4
)
3× 10−10 .
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